and earlier use of highly active antiretroviral therapy (HAART), survival is improving.
However, despite nearly 15 years of experience in the treatment of HIV-infected children [7] , considerable uncertainty remains as to when to start ART. The benefits of early initiation (prevention of disease progression) need to be balanced against the costs and drawbacks (quality of life, lifelong therapy, the need for good adherence, resistance, adverse effects, and limited therapeutic options), because a complex relationship exists among ART regimen, duration, and adherence.
Although policies regarding the initiation of ART in children vary across Europe, clinical outcomes do not significantly differ by center policy [7] . However, the effect of age at initiation of ART on clinical outcome is difficult to assess, given that disease progression is slow in children receiving ART [5, 8] . Alternative approaches include the use of virological or immunological endpoints, but in young children the considerable age-related variation in HIV RNA load and CD4 cell count complicates such assessments [9, 10] . To avoid this problem, CD4 cell count can be adjusted for age.
Here, we investigate whether early initiation and/or more-intense ART among HIV-infected children enrolled in the prospective European Collaborative Study (ECS) was associated with immunological or clinical outcome by use of z scores for CD4 cell counts (hereafter, "CD4 z scores"), which standardize the counts in relation to age.
METHODS
Since 1986 [5, 11] , data on infected children born to HIV-1-infected women at 11 pediatric centers in 9 European countries have been prospectively collected from birth, using a standard clinical and laboratory protocol. Follow-up was frequent during the first 2 years of life and subsequently was done at least every 6 months. Parental consent was obtained, and the ECS was approved by local ethics committees.
A child was considered to be infected after the detection of virus in at least 2 separate blood samples or after the persistence of antibody beyond 18 months of age. Laboratory tests, including HIV RNA polymerase chain reaction (PCR) and assays for CD4 cell count, and were done locally, with the assays used recorded. HIV RNA copy number was usually assessed by either nucleic acid sequence-based amplification (Nuclisens; Organon Teknika) or the Roche Amplicor Monitor Test (versions 1.0 and 1.5; Roche Diagnostic Systems). CD4 cell counts were based on flow cytometry.
We assigned Centers for Disease Control and Prevention (CDC) clinical and immunological categories at each followup visit on the basis of information on current status, which enabled reclassification in light of changing clinical status, such that children could be moved to a less-serious clinical category if their clinical or immunological status improved [5] . Clinical categories were as follows: asymptomatic (CDC clinical stage N), mildly symptomatic (stage A), moderately severe symptoms (stage B), and severe symptoms (stage C) [5, 12] . Immunological categories were as follows: normal (CDC immunological stage 1), moderate immune suppression (stage 2), and severe immune suppression (stage 3) [5, 12] . To be included in the analyses, children had to have had a CD4 cell count measured within 2 months of either side of the initiation of ART. CD4 cell counts were measured before the initiation of ART in 122 children and after the initiation of ART in 9 children; the characteristics of these 9 children were similar to those of the remaining 122. At each follow-up visit, information was collected on ART; the date of first report of the most-potent ART was considered to be the date of initiation, which in most cases would be close to the actual initiation date, especially for young children with frequent follow-up. The type of most-potent ART was classified as mono or dual ART, HAART with prior ART, and HAART without prior ART.
For statistical analyses, SD scores (z scores) were obtained after modeling log 10 -transformed CD4 cell counts by use of the LMS method [13] , using 10,330 measurements from 2106 uninfected children in the ECS cohort as the reference population [14] . By use of this method, z scores are no longer age dependent, because each measurement is compared with the standard for that age. The standardized normal distribution was used to convert CD4 z scores to percentiles.
Time to an event was calculated from the date of initiation of the most-potent ART to the date of reaching a 20% increase in CD4 z score and was assessed using Kaplan-Meier and Cox regression analysis (with log-rank tests) as well as unadjusted and adjusted hazard ratios (HRs) [15, 16] . A 20% increase was deemed to be evidence of successful treatment on the basis of the percentage decrease in median CD4 z score between initiation and 6 months later. Event-free children were right censored at the time of their last visit. This analysis used an intention-totreat approach, with all children included from the time of initiation of their most-potent ART, regardless of subsequent modifications. Recursive partitioning and regression-tree methods were used to assess which age categories had the highest degree of association with the probability of immunological response [17] ; the optimal cutoffs derived from this data-driven process were included in subsequent analyses. The assumption of proportional hazards in Cox regression models was formally assessed using Therneau and Grambsch's zph test [18] .
An ordinary least-squares regression model was used to investigate the effect of neonatal characteristics and type and timing of treatment on CD4 z scores 6 months after initiation of the most-potent ART, using data from 120 vertically infected children for whom data on all variables were available. Univariable and multivariable logistic regression was used to investigate risk factors associated with deterioration of CDC clinical stage after initiation of the most-potent ART and to obtain unadjusted and adjusted odds ratios, respectively. After the multivariable model was adjusted for CDC clinical stage at initiation of the most-potent ART, the addition of subsequent variables and any improvements to the model were assessed by analysis of the deviance of the 2 models.
Data entry and management were done using Microsoft Access XP (2002) and SAS (version 9.1; SAS Institute). Statistical analyses were done using R (version 2.1.0) [19] .
RESULTS

Study Population
ART was initiated in 131 HIV-infected children (table 1) , of whom 42 (32%) were born before 1990, 83 (63%) were born from 1990 to 1999, and only 6 (5%) were born after 1999 (reflecting the decreasing vertical-transmission rate over time [20] ). Of the 131 children, 39 (30%) began receiving and only ever received mono or dual ART (median age at initiation, 21 months; range, 0.75-97 months); 55 (42%) began receiving mono or dual ART (median age at initiation, 30 months; range, 0.25-141 months) and subsequently changed to HAART (median age at initiation, 90 months; range, 17-185 months); and 37 (28%) first began receiving HAART without any prior ART (median age at initiation, 6 months; range, 1-175 months).
Immunological and Virological Status
Nearly half of the children were classified as CDC immunological stage 1 at initiation of their most-potent ART (table 1) . However, at initiation, 47 children (36%) had CD4 z scores below the first percentile, 41 (31%) had CD4 z scores between the first and 15th percentiles, and 37 (28%) had CD4 z scores above the 15th percentile; 85% (40/47), 66% (27/41), and 68% (25/37), respectively, showed subsequent immunological improvement. The median CD4 z score was Ϫ2.01 (approximately the second percentile) at initiation, which improved by almost 20% to Ϫ1.64 (approximately the fifth percentile) after 6 months of ART. In children with a detectable viral load at initiation of their most-potent ART, the median HIV RNA load was 4.43 log 10 copies/mL (range, 2.04-6.09 log 10 copies/mL) ( ; data n p 51 were not available for 67 children, and 13 had an undetectable viral load, of whom 4 were naive and 9 had received dual ART). At 6 months after initiation, the median viral load was reduced to 3.89 log 10 copies/mL (range, 1.75-6.70 log 10 copies/mL) (n p 50; data were not available for 54 children, and 27 had an undetectable viral load). Of the 55 children with data on viral loads available at initiation and 6 months later, 32 (58%) had a decreased viral load (median decrease, 4.40 log 10 copies/mL; range, 2.18-6.09 log 10 copies/mL), 10 (18%) remained stable (with undetectable loads at both measurements), and 13 (24%) had an increased viral load (median increase, 3.63 log 10 copies/ mL; range, 2.06-5.86 log 10 copies/mL). Achievement of an undetectable viral load was not significantly associated with the type of most-potent ART ( ) (although there were only P p .32 2 children receiving dual ART and all others were receiving HAART), with ethnicity ( ), or with age at initiation of P p .48 the most-potent ART ( ), but statistical power was limited. P p 1 Viral load at initiation and CD4 z score 6 months after initiation were inversely but not highly correlated (correlation coefficient, Ϫ0.32;
); similarly, the correlation coefficients for both P ! .05 were Ϫ0.29 ( ) at initiation and Ϫ0.35 ( ) at 6 P ! .05 P ! .01 months after initiation for the 55 children and was Ϫ0.41 for all children with both data on viral load and CD4 cell count available at 6 months after initiation.
Most children were asymptomatic at initiation of the mostpotent ART (table 1); 28 had improved clinical status 12 months after initiation (14 from CDC clinical stage A to N, 9 from B to N, 1 from C to A, 2 from C to B, and 2 from B to A), 20 deteriorated clinically (5 from N to A, 8 from N to B, 3 from N to C, 2 from A to B, and 2 from B to C), and 5 died (1 of whom was classified as A at initiation, 2 of whom were classified as B, and 2 of whom were classified as C). The clinical status of the remaining children was unchanged.
Time to Improvement in CD4 z Score after ART Kaplan-Meier analysis. An estimated 59% (95% confidence interval [CI], 49%-67%) of children overall would have achieved a 20% increase in CD4 z score 12 months after initiation of the most-potent ART, with white European children having a substantially and significantly increased likelihood of attaining a 20% relative increase in CD4 z score than black children ( ; 2
). Differences by ethnicity only became apparent P p .03 after ∼8 months of ART: at 8 months after initiation, ∼40% of both white and black children would have achieved a 20% increase in CD4 z score, but, at 24 months after initiation, the percentages would be 83% (95% CI, 71%-83%) for white children and 57% (95% CI, 33%-72%) for black children; at 36 months, the percentages would be 88% (95% CI, 75%-95%) and 68% (95% CI, 41%-83%), respectively.
Time to a 20% increase in CD4 z score was not significantly associated with CDC clinical stage at the time of initiation of the most-potent ART ( ; 1 df; ), and there was ); children in the lowest percentile category were P p .08 more likely to achieve a 20% increase.
However, significant differences did exist by type of mostpotent ART ( ; 2 df; ) and age at initiation 2 x p 19.9 P ! .0001 of most-potent ART ( ; 2 df; ) ( figure 1A and   2 x p 12.1 P ! .01 1B). Children who received mono or dual ART but never received HAART were considerably less likely to achieve a 20% increase in CD4 z score than were children who had received HAART with or without prior ART. Estimated, data-driven, optimal age cutoffs reflecting the changing associations between the type of most-potent ART and CD4 z score after initiation were !5 months, 5 months-5 years, and 15 years; in these age groups, 15 (79%), 13 (23%), and 9 (16%) children, respectively, received HAART as their first treatment regimen. There was some evidence that children who initiated ART between 5 months and 5 years of age were less likely to attain a 20% increase in CD4 z score than were those who initiated ART before 5 months or after 5 years of age. The estimated median time from initiation of ART to a 20% increase in CD4 z score was 5 months (95% CI, 2-21 months) for children who initiated ART before 5 months of age, was 17 months (95% CI, 10-29 months) for children who initiated ART between 5 months and 5 years of age, and was 8 months (95% CI, 6-11 months) for those who initiated ART after 5 years of age.
Cox proportional-hazards analysis. These findings were confirmed in univariable Cox regression analyses (table 2): children who initiated their most-potent ART between 5 months and 5 years of age were almost 60% less likely to attain a 20% increase in CD4 z score at any time, compared with children who initiated their most-potent ART before 5 months of age. Children who initiated their most-potent ART after 5 years of age were 16% less likely to attain this increase than were children who initiated their most-potent ART before 5 months of age, but this difference was not statistically significant. However, in multivariable analysis controlling for ethnicity, type of mostpotent ART, and CD4 z score, age, and CDC clinical stage at initiation, the association with age at initiation was statistically significant for both age categories, with a 20% increase in CD4 z score being ∼60% less likely in children who initiated ART after 5 months of age than in those who initiated ART before that age. Furthermore, a 20% increase in CD4 z score was approximately half as likely in black children than in white children; was 3 to nearly 4 times more likely in children receiving HAART than in those receiving mono or dual ART (regardless of history of previous ART); and was half as likely in children whose CD4 z scores were above the 15th percentile at initiation of the mostpotent ART than were those whose scores were below the first percentile or between the first and 15th percentiles. Children who initiated their most-potent ART at a clinical stage of C (AIDS) were 84% less likely to achieve a 20% increase in CD4 z score than were those who initiated at a clinical stage of B, A, or N (no or mild/moderate symptoms). Limiting the analysis to the 97 children who were below the 25th CD4 z score percentile at initiation of most-potent ART, we examined the time to a favorable immunological response (defined as crossing the 25th CD4 z score percentile) by use of a Kaplan-Meier analysis, censoring those children who had not reached this point at 24 months after initiation or at the time of death. An estimated 25% (95% CI, 15%-33%) of children would have crossed the 25th CD4 z score percentile 12 months after initiation.
Because the actual date of initiation of the most-potent ART could have occurred before the date of first report, the analysis was repeated, taking the date of initiation as the midpoint between the date of first report of the most-potent ART and the previous follow-up visit. There were no substantial differences in the association with the type of most-potent ART ( ; ) or with age at initiation of the most- the adjusted HRs from Cox regression analyses were similar (data not shown).
CD4 Cell Response to ART 6 Months after Initiation
A linear regression of CD4 z scores 6 months after initiation of the most-potent ART was used to clarify the association between immunological status and ART and to quantify the associated changes in CD4 cell count. CD4 z score percentile category and CDC clinical stages B and C at initiation of the most-potent ART and HAART without prior ART were the only factors significantly associated with immunological response to treatment (table 3) . HAART without prior ART was associated with a significant increase of 1.08 in z score 6 months after initiation, whereas HAART with prior ART was associated with a nonsignificant increase of 0.23 in CD4 z score 6 months after initiation, compared with mono or dual ART. Initiation of ART in children 5 months-5 years of age and those 15 years of age was associated with nonsignificant decreases of 0.60 and 0.10 in CD4 z score 6 months after initiation, respectively, compared with children who initiated ART before 5 months of age. Ethnicity was not significantly associated with CD4 z score 6 months after initiation. With CD4 z score at initiation of the most-potent ART as a continuous rather than a categorical variable, a 1 U increase in z score at initiation was associated with a highly significant increase of 0.41 in CD4 z score 6 months later.
ART-Associated Immunological Response and Clinical Status
To assess whether age at initiation of the most-potent ART was associated with immunological outcome, as measured by CD4 z score 6 months after initiation, in children whose HIV disease was not advanced, the multivariable analysis was repeated excluding children classified as CDC clinical stage C at the time when ART was initiated. The correlation coefficients for age were only marginally different and remained not statistically significantly associated with CD4 z score; children who were !5 months of age at the initiation of most-potent ART did better in terms of subsequent CD4 z score.
To assess risk factors for the deterioration in CDC clinical stage or death 12 months after initiation, a univariable and multivariable logistic regression was performed on 112 children, with data on all variables included (data not shown). Neither type nor age at initiation of most-potent ART was significantly associated with the likelihood of clinical deterioration, but the number of events was small.
Sustainability of CD4 Cell Response to ART
Treating infants with HAART before 5 months of age (which is like treating primary infection) was thus associated with a better response in terms of CD4 z score than starting treatment later, but it remained unclear whether this response was sustained. In a subanalysis of 84 children who attained at least a 20% increase in CD4 z score and with data on subsequent CD4 cell counts available, 38 (45%) experienced a reduction in their CD4 z scores to below the initial 20% increase. Kaplan-Meier analysis showed that the risk of subsequent deterioration of CD4 z score was similar for children who initiated treatment in different age groups ( ; 2 df; ) (figure 2 
DISCUSSION
The timing of the initiation of ART in HIV-infected children, particularly in those followed from birth and, thus, identified during primary infection, has been found to be key to their clinical management, but it remains a contentious issue [21] [22] [23] . In the present European cohort, many children were clinically and immunologically well at the time they were reported to have initiated their most-potent ART (HAART, in 70% of cases). Because of the substantial natural variation in CD4 cell count in children of different ages [24] , we used age-adjusted CD4 z scores [14] . We found that both early initiation (before 5 months of age) and starting with HAART were strongly associated with a more-rapid improvement in CD4 cell count, independent of immunological and clinical status at initiation. The benefits of HAART with respect to immunological and clinical disease progression in infected children has been well described [5, [25] [26] [27] . We have confirmed that HAART is effective in terms of the recovery of CD4 cell count: HAART with or without prior ART was associated with a 3-4-fold increased likelihood of a 20% increase in CD4 z score, compared with mono or dual ART. Six months after initiation of the most-potent ART, children with prior mono or dual ART had a substantially lower (although nonsignificant) CD4 z score than did those who initiated HAART with or without prior ART, implying that the latter group responded faster to therapy.
We have previously shown in the ECS cohort immunological differences between white European children and black children, regardless of infection status [28] . We describe here ethnic differences in immunological improvement after initiation of the most-potent ART, with black children (predominantly born to sub-Saharan African mothers) following a trajectory similar to that of white children during the first 8 months of therapy, with the former showing reduced improvement over time in unadjusted analyses. However, black children were more likely than white children to initiate HAART without prior receipt of ART and to do so before 5 months of age, and, in adjusted analyses, CD4 z score 6 months after initiation was not significantly lower in black children than in white children. Similarly, black children were not more likely to show serious clinical deterioration than were white children 12 months after initiation, although statistical power was limited.
HAART has brought enormous benefits in terms of improved survival, health, and quality of life [29] -albeit with drawbacks, including adverse effects, the need for good adherence to avoid treatment failure, and the development of resistance. In this cohort of vertically infected children, immunological response to treatment was more rapid when ART was initiated early. In unadjusted analyses, white children who initiated ART before 5 months of age were equally likely to attain a 20% increase in CD4 z score as were children who initiated ART at 15 years of age, although this was likely to be due to different reasons. Children !5 months of age have a primary infection, and thymic productivity and, hence, immunological response is greater in this group than in older children [8, 30, 31] . Children у5 months of age had more-severe HIV disease at the time of initiation and were also more likely to initially receive lesseffective regimens. Lower CD4 cell count at initiation was associated with an increased likelihood of a 20% increase in CD4 z score. In adjusted analyses, immunological response in children initiating ART at 15 years of age became similar to that in children initiating ART between 5 months and 5 years of age. The age-related response pattern was different for black children; those who started before 5 months of age responded more rapidly than did either of the 2 older groups, and the oldest category did worst.
Our results suggest that there is benefit in initiating ART early, soon after HIV diagnosis, although without treatment only about a fifth of infected children would be expected to progress rapidly to AIDS [5, 32] ; our findings also suggest that the likelihood of sustaining an immunological response was not dependent on age at initiation. Predicting on clinical grounds which children would benefit from early initiation is, and is likely to remain, problematic [7, 33] . Our conclusions are based on data from a prospective observational cohort, which raises the problems of potential selection bias and temporal changes in the therapeutic management of HIV disease. For example, the youngest children were not only more likely to receive HAART but were also more likely to receive it as their first regimen. Although we adjusted for the timing of therapy and prior ART use, our findings are limited by the relatively small numbers of children in the youngest age group. However, in the absence of randomized trials to evaluate the effectiveness of earlier versus later initiation of ART, our findings contribute to the evidence base.
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